Proprioceptive development relies on a variety of sensory inputs, among which vision is hugely dominant. Focusing on the developmental trajectory underpinning the integration of vision and proprioception, the present research explores how this integration is involved in interactions with Immersive Virtual Reality (IVR) by examining how proprioceptive accuracy is affected by age, perception, and environment.
Introduction
staying stationary while viewing a pre-recorded video of walking the path in the virtual 141 room ("only vision"). Participants then reproduced this path in darkness. In contrast 142 to what was expected, the authors found that adults failed to optimally integrate visual 143 and proprioceptive cues to improve path reproduction. However, children did integrate 144 these cues to improve their performance. This study demonstrates that HMD training 145 that includes vision and proprioception can be effective at calibrating self-motion for 146 children even if it is not for adults. The authors suggest that this may be because 147 children cannot help but rely on visual cues in spatial tasks even when the nature of the 148 task does not require it. The authors do not explain the results with respect to the use 149 of IVR, or specifically by considering IVR as a tool which requires a particular form of 150 sensory processing. We previously discussed findings demonstrating that HMDs disrupt 151 proprioception, which adults and children rely on in different ways. It may be the case 152 that IVR imparts different effects on adults' and children's performance. We could 153 speculate that, if IVR causes some sort of conflict between vision and proprioception, 154 adults' lack of multisensory integration in these environments could be due to their 155 reliance on proprioception and ability to ignore visual cues. Visual cues would be 156 perceived as irrelevant for motor tasks, because they would be in conflict with with respect to use of vision, proprioception, and other sensory cues in the ability to accurately execute self-motion. 169 Statistical approach for exploratory investigations: Bayesian 170 model comparison 171 Given the lack of evidence concerning the complex interaction between developmental 172 stages, visuo-proprioceptive integration, and IVR environments, exploratory studies are 173 needed and can benefit from assuming a model comparison approach. Model 174 comparison allows for the selection of the most plausible model given data and a set of 175 candidate models [36] . Firstly, the different research hypotheses are formalized as 176 statistical models. Subsequently, the obtained models are compared in terms of 177 statistical evidence (i.e. support by the obtained data), using information criteria [37] . 178 Information criteria enables the evaluation of models considering the trade-off between 179 parsimony and goodness-of-fit [38] : as the complexity of the model increases (i.e. more 180 parameters), the fit to the data increases as well, but generalizability (i.e. ability to 181 predict new data) decreases. The researchers' aim is to find the right balance between 182 fit and generalizability in order to describe, with a statistical model, the important 183 features of the studied phenomenon, but not the random noise of the observed data. 184 A Bayesian approach is a valid alternative to the traditional frequentist 185 approach [39, 40] , allowing researchers to accurately estimate complex models that 186 otherwise would fail to converge (i.e. unreliable results) in a traditional frequentist 187 approach [41, 42] . Without going into philosophical reasons, which are beyond the scope 188 of the present paper (if interested, consider [43] ), Bayesian inference has some unique 189 elements that make the meaning and interpretation of the results different from the 190 classical frequentist approach [44] . In particular, in the Bayesian approach, parameters 191 are estimated using probability distributions (i.e. a range of possible values) and not a 192 single point estimate (i.e. a single value). Bayesian inference has three main Theorem. As a result, a Bayesian approach assesses the variability (i.e. uncertainty) of 199 parameter estimates and provides associated inferences via 95% Bayesian Credible 200 Intervals (BCIs), the range of most credible parameter values given the prior 201 distribution and the observed data. Thus, a Bayesian approach allows researchers to 202 describe the phenomenon of interest through probabilistic statements, rather than a 203 series of simplified reject/do-not-reject dichotomous decisions typically used in the null 204 hypothesis significance testing approach [36] . 205 Research goals and hypotheses 206 The aim of the present study is to investigate the extent to which the reliability of 207 visual information aids proprioceptive-based self-motion accuracy across the human 208 developmental trajectory. We also aim to explore whether HMD-delivered IVR 209 environments, compared to equivalent real environments, affect proprioceptive accuracy. 210
Given that findings in the area of multisensory interaction with IVR across development 211 are still conflicting and unexplained with respect to the use of HMDs, the current study 212 seeks to clarify how using an HMD affects children's and adults' self-motion Based on the extant literature described in the introductory section of this work, we 225 hypothesized that children's proprioceptive accuracy would be globally lower than that 226 of adults, but that children would be less impaired than adults by the disruption of proprioception. We further hypothesized that IVR would disrupt proprioception and impact proprioceptive accuracy more in adults than children.
Participants

231
In order to capture a range of developmental stages, we included primary and secondary 232 school-aged children and adults. We collected data from young children aged from 4 to 233 8 years old, and older children aged from 9 to 15 years old. This distinction was made 234 to clarify contradictory findings about how long it takes to develop stable proprioceptive 235 accuracy (as described in section 2.2). With regard to the adult group, we included 236 participants within the age range of 18 to 45 years. We excluded older participants 237 based on literature reporting deterioration of proprioceptive accuracy with advancing 238 age. This deterioration effect has been found from middle age, with studies indicating 239 changes beginning from the age of 40 to 60 [46, 47] . For this study, we collected data 240 from 55 participants. In line with our a priori exclusion criteria, we excluded six 241 subjects who reported that they had received a diagnosis for any kind of In a within-subjects design, all participants were exposed to all conditions in a 249 randomized order.
250
Materials and set-up 251 We designed and built a testing room in which different sensory stimulations could be 252 provided and the availability of visual and proprioceptive information could be centre of the room, we fixed a customized swivel chair on a round platform to the floor. 255
The round platform did not provide any proprioceptive or visual cues about the degree 256 of rotation the participant made on the chair (Fig 2A) . A 360°protractor under the seat 257 was visible via a dedicated camera which allowed the measurement of the degree of each 258 rotation. One 50 cm white LED strip (12V DC, 24 Watt per meter) allowed sufficient 259 illumination for a clear and realistic visual experience of the room. One UV lamp (E27 260 26W) was used to obscure other visual stimuli such that the white clouds on the walls 261 were the only visual cues available. With the UV light on, participants were asked to 262 wear a black poncho which covered their bodies, making them not visible ( Fig 2B) . One 263 infrared LED spotlight (BIG BARGAIN BW103) enabled clear video recordings of the 264 inside of the room even when it was completely in darkness. This light system was 265 anchored to the ceiling, over participants' heads, and was covered by a black panel 266 which prevented participants from directly seeing the lights. During the experimental task (described below in the following paragraph), the first 298 experimenter managed the passive rotation and remained silent behind the participant, 299 providing no visual or auditory cues. The second experimenter followed previously 300 established verbal instructions which were consistent across participants.
301
Experimental task 302 We adopted a self-turn paradigm in which the experimenter rotates the chair a certain 303 degree (passive rotation) from a start position to an end position. After each passive 304 rotation, participants were asked to rotate back to the start position (active rotation). 305
The position at which the participant stopped their active rotation is recorded as the 306 return position. All participants performed 12 trials across 6 conditions. For each 307 condition, the passive rotation was done once to the right (clockwise) and once to the left (counterclockwise). For each condition, one passive rotation was approximately 180 309 degrees and the other was approximately 90 degrees. During the passive rotation, 310 participants kept their feet on a footrest which rotated with the chair. In this way, they 311 could not make steps while being rotated, and could not simply count the number of 312 steps to make active rotations. To perform the active rotations, participants could use 313 their feet on the still platform under the chair to move themselves. Some authors 314 suggest that vestibular information is primarily involved when perceiving the amount of 315
passive rotation, and proprioceptive information is primarily involved when performing 316 an active rotation [48] . In our task, during the encoding phase (passive rotation), 317 vestibular information is always available, while proprioception is not. During the recall 318 phase (active rotation), both vestibular and proprioceptive information are available. In 319 each experimental condition, the same vestibular and visual information can be used to 320 both encode and recall the start position. Proprioception has to be used only during the 321 recall phase, emerging from the other sensory information. Proprioception is considered 322
as the accuracy measure in our task in line with procedures aimed at assessing 323 proprioception in the extant literature [49] [50] [51] .
324
Measures of task performance 325 The proprioceptive accuracy of self-turn performances was calculated in terms of error 326 as the absolute difference between the start position (from which the experimenter 327 started the passive rotation) and the return position (in which the participant stopped 328 the active rotation). In this way, greater values indicated a less accurate performance, 329
where a value of 0 would indicate that the participant actively rotated back to the exact 330 start position, and a value of 100 would indicate that the participant actively rotated 331 back to a position that was 100 degrees away from the start position. values to make the final decision. In case of a disagreement value, the third coder's 341 value was used instead of the value that differed most from the third coder's value. We 342 obtained a dataset with two codings for each data. We evaluated the intercoder 343 agreement by conducting an intra-class correlation (ICC), which is one of the most 344 commonly used statistics for assessing inter-rater reliability (IRR) for ratio variables [52] . 345 From the dataset which combines the two codings, we obtained a final dataset with the 346 average of the two values. We carried out the data analysis on this final dataset. while making huge errors locating surrounding objects [53] . In a HMD-delivered virtual 362 environment, users' self-motion did not benefit so much from global landmarks [54] . We 363 aimed to control whether the rotation direction and amplitude would affect Given the variability in the actual passive rotations, we considered Amplitude as a 369 continuous variable. We labelled the direction conditions "R" (right) for the clockwise 370 condition and "L" (left) for the counterclockwise condition. We counterbalanced 371 within-subjects the possible interaction effect of Direction Learning, beginning 50% of 372 conditions with "R" and the other 50% with "L". We labelled the amplitude conditions 373 "A" for the 180-degree condition and "B" for the 90-degree condition. Fifty percent of 374 each direction condition had a 180-degree amplitude and the other 50% had a 90-degree 375 amplitude. The direction order is RLLRRLLRRLLR; and the amplitude order is 376 ABABABABABAB. We labelled the conditions by number from one to six. As such, we 377 had, for example, sequences labelled: 1RA-1LB-2LA-2RB, and so on. We 378 counterbalanced the amplitude order between subjects. We tested the ABAB sequence 379 in 50% of subjects and the BABA sequence in 50% of subjects.
380
The experimental conditions are as follows: research hypothesis was formalized as a statistical model. Subsequently, the obtained models were compared in terms of statistical evidence (i.e. support by the data) using 399 information criteria [37] .
400
Given the complex structure of the data, Bayesian generalized mixed-effects models 401
were used [39, 55] . Specifically, data were characterized by: (1) subjects' scores when greater mean values are predicted by the model).
416
Analyses were conducted with the R software version 3.5.1 [57] . Models were 417 estimated using the R package 'brms' [58] which is based on STAN programming 418 language [59, 60] and employs the No-U-Turn Sampler (NUTS; [61] ), an extension of 419 Hamiltonian Monte Carlo [62] . All our models used default prior specification of the R 420 package 'brms' [58] . Detailed prior specifications are reported in the supplemental 421 online material. These priors are considered non-informative since they leave the 422 posterior distributions to be mostly influenced by the observed data rather than by prior 423 information. Each model was estimated using 6 independent chains of 8,000 iterations 424 with a "warm-up" period of 2,000 iterations, resulting in 36,000 usable samples.
425
Convergence was evaluated via visual inspection of the trace plots (i.e. sampling 426 chains) and R-hat diagnostic criteria [63] . All tested models showed satisfactory 427 convergence with all R-hat ≤ 1.0008, where values close to 1 indicate convergence, and 428 none exceeding the 1.100 proposed threshold for convergence [39] . All R-hat values and 429 August 16, 2019 16/38 trace plots are reported in the supplemental online material.
430
The Watanabe-Akaike Information Criterion (WAIC; [64, 65] ) was used as 431 information criteria to select the most plausible model among the tested models, given 432 the data. WAIC is the corresponding Bayesian version of the commonly used Akaike 433 information criterion (AIC; [66] ). WAIC-weights were computed to present the Table 3 in S1 Supplemental Materials. 457 We considered Amplitude of the passive rotations as a continuous variable whose distribution is shown in Fig 3. To obtain interpretable results in the analyses, the The means and standard deviations of the self-turn error for the three age groups in 465 the six different experimental conditions are reported in Table 1 Seven different Bayesian generalized mixed-effects models were performed to analyze 479 the data (see Table 5 in S1 Supplemental Materials). In each model the dependent of the parameters posterior distribution were evaluated ( 
Note:
Baseline category for Direction was "Right". Baseline category for Age was "Adult". Baseline category for Perception was "Proprioception". Baseline category for Environment was "Reality". n subjects = 49; n observations = 578 Self-turn error was moderated by Amplitude, by Age, and by the interaction between 509
Perception an Environment conditions. On the contrary, the direction of rotations 510 seems to have no effect of the subjects' performance (β = .10; 95% BCI = -.04 ; .24).
511
To evaluate the model fit (i.e. the model ability to explain the data) we used a 512 Bayesian definition of R-squared [67] to estimate the proportion of variance explained. 513
The estimated value of Bayesian R-squared for the model m.2 is .26 (95% BCI = .19;
514
.34), that is the model explains 26% of the variability of the data.
515
Rotation amplitude 516 Self-turn error was moderated by Amplitude (β = .22; 95% BCI = .15 ; .29), for which 517 increasing rotation amplitude is associated with a worse performance ( Fig 6) . 
Group age 519
To evaluate the role of Age, the distributions of predicted mean values for the three 520 groups were considered (Fig 7) . The predicted mean error for adults was 12.8 degrees 521 (95% BCI = 10.6;15.1), for older children 15.5 degrees (95% BCI = 12.0 ; 19.1) and for 522 young children was 24.8 degrees (95% BCI = 19.3 ; 30.7). Bayesian pairwise comparisons 523 (i.e. predicted score differences between groups) are reported in Table 4 . Results showed 524 that overall, young children are expected to make more self-turn errors than adults 525 (95% BCI = 6.1 ; 18.0) and also more than older children (95% BCI = 2.8 ; 15.9).
526
However, we cannot state that older children are expected to make more self-turn error 527 because the 95% BCI of the difference includes the value zero (95% BCI = -1.4 ; 6.8). 
Perception and environment 529
To interpret the interaction between the Perception and Environment conditions, the 530 distributions of predicted mean values for all six conditions were considered (Fig 8) . In 531 show that while wearing the HMD the self-turn errors increase when subjects rely only 547 on vision (95% BCI = 2.8 ; 10.7) or on vision + proprioception (95% BCI = 4.3 ; 11.9), 548 but subjects are not expected to make more errors than in Reality when they rely only 549 on proprioception (95% BCI = -3.8 ; 7.9). To quantify the differences between the various age groups and conditions, we expressed 552 the effects as the ratio between the two scores of the comparison of interest (see Table 17 553 in S1 Supplemental Materials). Thus, for example, young children are expected to make 554 88% more errors than adults and 58% more errors than older children. Considering the 555
Reality environment conditions, when using only proprioception subjects are expected 556 to make 92% more errors than when they rely only on vision and 118% more errors 557 than when using vision + proprioception. Considering the Immersive Virtual Reality 558 environment conditions, when using only proprioception subjects are expected to make 559 34% more errors than when they rely only on vision and 35% more errors than when 560 using vision + proprioception. Moreover, comparing Immersive Virtual Reality to 561 Reality environmental condition, in IVR subjects are expected to make 56% more errors 562 when using only vision and 75% when using vision + proprioception.
Discussion
This experiment explored the extent to which visual information aids 565 proprioceptive-based self-motion accuracy across the lifespan, and specifically in three 566 developmental groups: 4-8-year-old children, 9-15- year-old children, and adults.
567
Moreover, the experiment assessed whether HMD-delivered IVR environments affect 568 accuracy.
569
As expected, we found a main developmental trend in the improvement of 570 proprioception across conditions. In particular, as hypothesized, we found differences pre-adolescent children make more accurate proprioceptive judgements than younger 576 children.
577
In line with our hypotheses, we also found an interaction effect between Perception 578
and Environment condition. Our findings indicate that proprioceptive accuracy was 579 markedly impaired when participants could rely only on proprioceptive input, regardless 580 of the environment. In the conditions which forced participants to rely solely on 581 proprioception by removing all visual information, all groups were less accurate than in 582 conditions where visual information was provided, regardless of the salience of this 583 visual information. This finding is consistent with the assertion that visual and 584 vestibular information combine with proprioceptive information to allow accurate 585 self-motion [11] . Moreover, it indicates that typically developing child and adult 586 populations rely specifically on vision to calibrate proprioception in order to accurately 587 judge their movements. Regarding the role of different visual landmarks, no differences 588 were found between vision + proprioception and vision only conditions, that is, 589 conditions in which participants could view all aspects of the real or virtual room versus 590 conditions in which participants received visual input of randomly placed clouds but 591 were unable to see visual landmarks such as the corners of the room or their body.
592
Moreover, IVR, compared to Reality, disrupted proprioception only when visual input 593 was provided (vision + proprioception and vision only conditions). There were no these two Perception conditions, the "only vision" condition could have been insufficient 659 to isolate vision and disrupt proprioception as we aimed to. It would be interesting to 660 see how similar but more effective manipulations of visual information aimed at 661 disrupting proprioception would affect performance compared to conditions where 662 instead only optic flow is available (i.e. no movement). As previously mentioned, it is 663 also possible that self-motion differences in these two conditions were too small to be 664 detected with our task, and might be elicited with a more difficult one. Moreover, the 665 age groups could be too broad to clearly show early developmental trends and changes. 666
Further research could focus specifically on children younger than eight years old to 667 explore the early development of visuo-proprioceptive integration. Furthermore, future 668 studies could utilize our paradigm to explore age-related visuo-spatial working memory 669 abilities associated with proprioception. A more in-depth look is also necessary to 670 investigate potential implications of a proprioceptive sensory register and its influence 671 on performance in multisensory motor tasks, as individual sensory registers have been 672
shown to affect working memory in multisensory environments (for a review, see [75] ). 673
One of the most intriguing yet unexplored perspectives that led to this work exteroception [76] [77] [78] . This perceptual strategy might not only lead to impaired motor 683 skills in ASD (e.g. dyspraxia and repetitive behaviors), but also seems to be related to 684 core features of impaired social and communicative development. Interventions could be 685 aimed at increasing the reliance on vision in children with ASD by disrupting 686 proprioception. In this respect a possible speculation is that IVR interventions could 687 constitute a useful training method to achieve a therapeutic purpose.
In sum, the present study offers useful insights regarding the use of IVR in research on 690 multisensory integration and sensorimotor functioning. When visual information is 691 provided, proprioceptive accuracy in IVR seems to be impaired relative to performance 692 in reality. As proprioception is fundamental to performance in any motor task, this has 693 to be taken into account when interpreting the results of IVR studies which involve 694 proprioceptive abilities. However, IVR could still be a useful tool for detecting 695 multisensory trends. In fact, we found the same condition-specific trend in IVR as in Author Contributions
